The pp → ppπ 0 cross section near threshold is computed up to one-loop order including the initial and final state interactions using the hybrid heavy baryon chiral perturbation theory. With the counter terms whose coefficients are fixed by the resonance-saturation assumption, we find that the one-loop contributions are quite important and bring our theoretical value of the cross section closer to the experimental data. The short-ranged contributions are treated by means of a cutoff, and only a mild cutoff dependence is observed when all diagrams of the given chiral order are summed. To the order treated, heavy baryon chiral perturbation theory, however, converges rather slowly calling for further studies of the process including going to higher orders.
Introduction
The accurate measurements [1, 2] of the total cross section near threshold of the process p + p → p + p + π 0 (1) have stimulated many theoretical investigations [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] , but a quantitative and systematic understanding of the data is yet to come. The difficulties in describing the process from the low-energy effective field theories are twofold: Firstly, the leading tree order contributions of both the impulse (IA) and the meson-exchange (MEC) contributions are suppressed. Furthermore there is a substantial cancellation between the two subleading contributions of IA and MEC. Secondly, the momentum scale of the process even at threshold is quite large, ∼ √ m π m N , where m π and m N are the pion and proton mass, respectively. Thus contributions from higher order operators -which in general are controlled only poorly -can be significant. These two are the principal reasons to question the predictive power of the effective field theory approach in its standard form to the reaction in question. The most apt way to understand the difficulty in accurately calculating the process in question is to invoke the chiral filter mechanism formulated in [13, 14] . According to this mechanism, those processes -such as isovector M1 transitions and axial-charge weak transitions -that are dominated by one-soft-pion exchange terms (i.e., current algebras) are chiral-filter-protected so that corrections to the leading order terms are suppressed and can be systematically controlled by chiral perturbation theory. When a process is not dominated by soft-pions for reasons of symmetry and/or kinematics, then it is unprotected by chiral filter and consequently higher order terms (involving short-range ones) become nonnegligible, making a systematic chiral expansion difficult, if not impossible. The first reason cited above makes this process quite similar to other chiral-filter unprotected cases such as the isoscalar M1 and E2 matrix elements in the polarized np-capture process, n + p → d+ γ, discussed in [14] and the solar "hep" process studied in [15] . However unlike these processes which can however be calculated with some confidence because of the small probe momentum, the π 0 production process which involves a relatively large momentum has the second (kinematic) condition which makes the calculation even more difficult. We hope in this paper to shed some light on these issues which have not been fully explored up to date.
Heavy-baryon chiral perturbation theory (HBChPT) [16] is a consistent and systematic low-energy effective field theory, whose expansion parameter is Q/Λ χ , where Q is the typical momentum scale involved and/or pion mass, while Λ χ ∼ m N ∼ 4πf π is the chiral scale, f π ≃ 93 MeV the pion decay constant. Due to the large momentum scale of the process, Q ∼ √ m π m N , the convergence of the chiral expansion [6, 8] and non-relativistic treatment [11, 12] of the process have been questioned. However, as the scale Q is still smaller than Λ χ , (e.g., Q/Λ χ ∼ m π /m N ≃ 0.4), the application of HBChPT to the process has been considered to be worth pursuing. Some tree-order calculations [5, 6, 7, 8] and partial one-loop calculations [9] have been reported. Quite recently, Dmitrašinović et al.
[10] analyzed all relevant transition operators of one-loop order and found that important contributions may rise from the one-loop diagrams. In this paper, we report the result of our calculation of the reaction cross section with those transition operators including the initial and final state interactions, and short-ranged contributions whose coefficients are determined through the resonance-saturation assumption [17] . Indeed, we confirm here that the one-loop contribution is actually quite important which is not surprising for those processes that are chiral-filter-unprotected [14, 15] . Whether or not a reliable prediction can be made in the EFT framework despite that the loop-order corrections are not negligible -as in the case of the np-capture and the "hep" process -will be the subject of our discussion.
Total cross section and hybrid approach
The total cross section of pp → ppπ 0 is given by
where v lab is the incident velocity in the lab frame, T the transition amplitude, and dρ the phase factor; m p is the proton mass, p f the magnitude of the relative three-momentum of the final pp state, and q the momentum carried by the outgoing pion in the CM frame. The upper limit of | q|, | q| max , is set by the initial total energy.
The generic diagram for the process is drawn in Fig. 1 . In calculating the process, we adopt the so called "hybrid approach" [18] , where the two-nucleon irreducible transition operators (shaded blob in the figure) are obtained within HBChPT, and all the reducible parts are embedded into the phenomenological wavefunctions. The justification for this procedure as a viable EFT was given elsewhere and will not be expounded here again. We note that it is consistent with the spirit of Weinberg's original proposal of applying EFT to nuclear physics [19] . It is well known that, near threshold, the reaction is dominated by the transition between | 3 P 0 (initial) and neglected, the shape of the total cross section is well reproduced by taking into account only the phase factor and the final state interaction [1] . So we calculate the transition amplitude at the threshold kinematics, q µ = (m π , 0). According to Sato et al. [7] , this approximation reduces the cross sections by up to 10 % in the range 0 ≤ | q| ≤ 0.4 m π .
For the discussion on the kinematics, we denote the incoming (outgoing) momentum of the j-th proton by p µ j (p ′ µ j ). In terms of the relative momentum p and p ′ , they can be written as p 1 = p, p 2 = − p, p ′ 1 = p ′ and p ′ 2 = − p ′ . For convenience, we also define the momenta transferred, k µ j ≡ (p j − p ′ j ) µ . The momentum conservation then reads
Hereafter we will put bars on the momenta defined in the asymptotic region where particles are on-shell #1 ; | k j | = | p| = m π m N + m 2 π /4, | p ′ | = 0 andk 0 j = m π /2 for j = (1, 2). The transition operator depends on the energy-transfer, k 0 j ≡ p 0 j −p ′ j 0 , which brings up the so-called off-shell ambiguity #2 . The common way used as in this work is to assume the "fixed kinematics approximation" (FKA), which replaces k 0 j by the on-shell energy transfer k 0 j = mπ 2 . On the other hand, it has been pointed out that different treatments of the offshell behavior can produce large effect. Sato et al. [7] suggested to use, instead of FKA, the equation of motion approximation (EMA), replacing p 0 by p 2 /2m N and similarly for p ′ 0 , thus k 0 1,EMA = k 0 2,EMA = p 2 − p ′ 2 2m N . With this assumption, they carried out a momentum-space #1 Here we remind the reader that the on-shell condition in HBChPT is p 2 j,rel − m 2 N = p 2 j + 2mN v · pj = 0 and similarly for p ′µ j , where p µ j,rel is the usual (relativistic) four-momentum and p µ j,rel = mN v µ + p µ j . #2 This ambiguity results from the conventional treatment of ISI and FSI by the Schrödinger equation.
calculation and obtained quite different results from those obtained with FKA. While the EMA can be regarded as containing more dynamics than the FKA, both are not free from drawbacks. For instance, one may notice that the EMA violates the energy conservation, Eq. (3).
The transition matrix up to one-loop order
The HBChPT lagrangian is expanded as
The subscriptν denotes the order of terms,ν ≡ d + n/2 − 2, where n is the number of nucleon lines and d the number of derivatives or powers of m π involved in a vertex. For the counting rule of the process, for example, see Ref. [5, 6, 11, 12] . The lagrangian relevant in our calculation reads
with, in the absence of external fields, 0) is the four-vector, S µ = (0, σ 2 ) is the spin operator and g A is the axial-vector coupling constant. We find the so-called background field method [20] quite convenient in calculating Feynman diagrams considered as well as in removing the divergences appearing from the loops.
Feynman graphs relevant to the process are drawn in Fig. 2 , where vertices from L 1 are marked by "X", and those from L 2 by a filled circle. Among the 12 diagrams, only seven graphs (a, b1, b2, b3, c, d1, d2) are effective: Graphs (b4, d3, d4, d5) vanish at threshold, and the contribution from (d6) is identically zero due to isospin symmetry. The 
where P = p + p ′ and k = p − p ′ , and τ j ( σ j ) is the isospin (spin) operator of the j-th nucleon, and P S=1 = 1 4 ( σ 1 · σ 2 + 3) the spin-1 projection operator. In deriving the above equation, we have used σ 1 × σ 2 = i( σ 1 − σ 2 )P σ , where P σ = 1 2 (1 + σ 1 · σ 2 ) is the exchange operator in spin space.
The A (1) receives contributions solely from the impulse diagram (a),
Note that all the higher order corrections at threshold are already included in the above equation when the physical values of g A and other parameters are used. On the other hand, the A (2) receives contributions only from two-body graphs. The contributions from the one-pion-exchange (OPE) diagrams including the vertex loop corrections can be written as
where k µ ≡ k µ 1 = (k 0 , k). Here and hereafter, we use the assumption k 0 ≡ k 0 1 = k 0 2 , which is true both for FKA and EMA. Up to one-loop accuracy, the Γ πN is given as
with n(x, ω, k) = m π D(x, ω, k)
For the values of the c's we use here those obtained by Bernard et al. [21] ,
Among the two-pion-exchange (TPE) graphs drawn in Fig. 2(d1 − d6) , only (d1) and (d2)
where n ± = n(x, ±m π /2, −k), n 0 = n(x, 0, −k), and similarly for the barred functions, and n(x, ω, k) = D(x, ω, k) m 2 π n(x, ω, k).
Finally we have the counter term contributions, drawn in Fig. 2(c) ,
In coordinate space, they are accompanied by the delta function. While the initial pp state is in P -wave, these zero-ranged operators are effective due to the derivative operators residing in Eq. (8) . In principle, the d (2) 's should be determined from experiments, a task which is however not feasible due to the lack of available data. We instead fix them from #3 One can easily distinguish the contributions from (d1) and (d2) diagrams by noting that the contributions of (d1) and (d2) are proportional to gA and g 3 A , respectively.
the resonance-saturation assumption, taking into consideration the omega and sigma meson exchanges [6] A CT
where g σ (g ω ) and m σ (m ω ) are the scalar (vector) coupling and mass of sigma (omega), respectively. Using the values [22] g σ = 10.5, m σ = 508 MeV, g ω = 10.1, and m ω = 783
MeV, we have d
3 − d In calculating the amplitude T , we use the wave functions obtained by solving Schrödinger equation with phenomenological potentials. In this work we use Reid soft core (RSC) and Hamada-Johnston (HJ) potentials [23, 24] . We write the initial and final state wave functions as
with the normalization condition as u L (r) r→∞ −→ 1 p sin(pr − πL/2 + δ L ). The amplitude T is given as
where u L = u L (r), u ′ L ≡ d dr u L (r), andÃ (j) ≡Ã (j) (r) are the transition operators in coordinate space,Ã (j) (r) =
Numerical result and Discussion
In Fig. 3 is plotted the total cross section vs. η = | q| max /m π . Our theoretical predictions with loop corrections are brought closer the experimental data. This clearly points to the importance of the one-loop contribution. This aspect has been noted before in chiral-filter-unprotected cases.
Note that since the HJ potential has a hard-core whose radius is about 0.5 fm, the zero-ranged counter-term contributions are identically zero. This corresponds to a "hardcore regularization" of the short-distance physics encoded in the counter terms. This was referred in [14] to as "HCCS". For the RSC potential, the counter-term contributions are not zero. To properly calculate the counter-term matrix elements in a consistent regularization scheme, one has to resort to what was referred in [14] to as "MHCCS" which amounts to replacing the delta function by
The corresponding results with the RSC wavefunctions are given in Fig. 4 . As can be seen in Fig. 4 , the results are rather insensitive to r c . This insensitivity -which may be taken as a justification of the short-distance regularization procedure used here -was also observed in [14, 15] respectively. Summing up the whole (including IA) contribution, we get −2, that is, two times the IA contribution with the opposite sign. This shows that there is no convergence to the order considered. This result is not alien to other chiral-filter-unprotected cases. In both the polarized np-capture and the "hep" process, a similar pattern is seen. There is however one important difference. In these latter cases, the counter terms the coefficients of which can be reduced to one effective constant can more or less account for higher order terms that are not computed when this constant is fixed by experiments (such as the magnetic moment of the deuteron in the case of polarized np-capture and the triton beta decay in the case of "hep"). This amounts to terminating the series by fiat at the order considered by the counter terms. One can think of this as choosing -as one does in gauge theory calculations -an optimal regularization scheme so as to account for higher-order terms that are not computed explicitly. This freedom of choosing the optimal regularization scheme is not available in the π 0 production case since the counter term is entirely fixed by theory (resonance saturation) and hence cannot "mock up" higher-order terms which may not be negligible.
We now remark on Sato et al.'s observation [25] : In a momentum space calculation with the half-off-shell wavefunctions, they found significant contributions from the momentum region even larger than the chiral scale Λ χ ∼ 1 GeV for some Feynman diagrams. Regarding this apparent disagreement between their cutoff-dependence and our r c -independence, we should note that the observed r c -independence in our theory is in the total amplitude, not in individual terms. In fact if we evaluate the contribution for each diagram, a considerable r c -dependence (though not as radical as theirs) is observed also in our calculation.
In summary, we confirm quantitatively that the two pion exchange one-loop contribution is quite important. We find also that there is no strong dependence of the short range interaction, suggesting that massive degrees of freedom (that are not included explicitly in our study) may have been properly incorporated into the diagrams and counter terms investigated in our study. The apparently poor HBChPT convergence however may be suggesting that significant contributions from higher-order operators are left unaccounted for in our scheme. Furthermore, the validity of the FKA should be verified. Thus the observed improved agreement between the theory and the experiment in the total cross section may be fortuitous. Clearly more work is required for better understanding of the process.
